INTRODUCTION
The goals sought in the practice of analytical chemistry can be conveniently summarized as the three S's of selectivity, sensitivity and speed.
Selectivity or specijicity means the ability to detect and determine one substance in the presence of other substances with special reference to those other substances which are commonly associated with the desired constituent and which might be expected to interfere with its identification and determina tion.
Sensitivity means one or both of the senses in which this word is customarily used: absolute sensitiviry, i.e., the smallest amount of material which will give a satisfactory signal with the particular approach being used, and concentrational sensitivity, i.e., the lowest concentration of material which will give a sa tisfactory signal.
There is obviously no need to define speed, since the latter is an ever-present and necessary goal in the hurly-burly of contemporary life. The only comment that needs tobe madeisthat the need for speed may vary in different situations. In the dissolution of a mineral preliminary to analysis, the time required for the initial evaporation with acid is usually not a critical factor. On the other hand, in the determination of some elements by activation analysis, the time allowable between removal from the activating reactor and the counting of the induced activity may be only a few precious minutes.
Since the latter part of the nineteenth century when microchemistry was first recognized by chemists as a specific subject, microchemistry has contributed greatly to the attainment of the goals of selectivity, sensitivity and speed. Originally, the emphasis was on its contribution to sensitivity; today-and increasingly so tomorrow-microchemistry is used in analytical techniques because of its contribution to all three factors.
However, microchemistry includes more than analytical chemistry; it includes all phases of chemical research, utilization, and application. While some of the most spectacular triumphs in microchemistry have resulted when the microchemical approach has been applied to analysis, it is increasingly recognized that microchemistry is just as useful a technique for the isolation and the synthesis of new or unknown compounds, and for the investigation of their properties and reactions. One need only recall the tremendous contribution of the microchemical approach when the objectives of the Manhattau District project in the early 1940's necessitated the use ofmicrochemical methods for investigating the new synthetic elements. Similarly, in P . .J. ELVING recent years the demands for the analysis of complex mixtures have emphasized the desirability of using microscale techniques, e.g., the increasing use of thin-layer chromatography for separation and isolation.
However, because of both the limited time available and the limited experience of the author, the subsequent discussion willlargely be focused on the analytical aspects of microchemistry as reflected in the chemical and physical processes of separation and measurement.
I t is evident from any consideration of the contemporary chemical scene that analytical methods are used not only for the determination of composition at the elemental, functional group and compound level, but also for a variety of other purposes, including the measurements of reaction rates, the elucidation of reaction mechanisms and the establishment of identity and structure of new compounds.
MICROCHEMISTRY -DEFINITION
I have been taUring about microchemistry without actually defining the latter, thus violating one of the cardinal rules in microchemistry, which dictates that one must concern oneself with what is meant by microchemistry.
Actually, microchemistry is not defi.nable since the problem, as soon as it is posed, becomes one of semantics, complicated by the prejudices, dedications, interests and nomenclature pride of the individuals involved.
F or convenience in discussion, Iet us consider microchemistry as involving the manipulation of material in milligram or lesser quantities. This definition includes the Situation where, for example, the sample is Very !arge but the measurement is made on microgram or even nanogram quantities ofthe desired constituent, as weil as the situation where the sample is very small, but a major constituent, e.g., the 60+ per cent carbon in an organic compound, is measured.
Parenthetically, it might be noted, as others have frequently remarked, that terms such as "semi-micro", "sub-micro" and "ultra-micro" have very little operational meaning. The term, "micro", is basically a relative term. In that sense, there is no such specific field as "microchemistry".
The basic chemical and physical principles, which must be used in operating on a small scale, are identical to those involved in large scale operation except that certain problems, e.g., those due to surface forces, may become much more acute in working with small amounts of materials than with large amounts. In this sense, one can talk about "microchemistry" and "microchemical techniques", although even in the latter case there are some people who would prefer to use the term "small-scale techniques". Contemporary developments in the determination of microscale quantities of materials in huge samples, as in trace analysis, have further altered our opinion ofwhat is meant by microscale processes.
An interesting operational definitionisthat given by Cheronis and Ma 1 , who classify methods for functional group determination as being macro, semi-micro or micro, depending upon whether the amount ofmaterial being determined exceeds two milliequivalents, is about one milliequivalent, or is about 0·1 milliequivalent.
The author prefers tothink ofmicrochemistry as including all action based on the mieroehemieal approaeh, without attempting to define the latter term exeept torequest that eaeh ehernist develop his own.
PRESENT STATUS OF MICROCHEMISTRY Mieroehemistry today fulfils more than one role. Mieroseale teehniques and approaehes are utilized in the form of analytieal methods, largely under the name of "mieroanalysis", to obtain the eompositional information desired by ehemists. They arealso used to manipulate and investigate smaller and smaller quantities of material with one of the most provoeative fields of aetivity being the study of single biological cells as was described by Lowry2 before the 1963 Welch Foundation Symposium on analytical ehemistry. Martin, who shared the Nobel Prize in ehemistry for his eontribution to the development of partition ehromatography including gas and paper ehromatography, has deseribed3 a possible approaeh to the handlingincluding analysis-of a single maeromoleeule.
In reviewing the present situation in mieroehemistry, the first consideration will be of what is rather generally referred to as classieal mieroehemistry.
Organic analysis
The major aetivity has been in organie mieroanalysis with emphasis on eiemental analysis, largely following the innovations of Pregl, but with an inereasing number of methods for functional group deterrnination, again largely based on Pregl or on people inspired by him. The foeus of implementation in these methods has been chemieal reactivity with gravimetrie, titrimetrie and volumetric end-measurement. Thus, most methods of organic eiemental analysis involve combustive oxidation of the sample with gravimetrie, Volumetrie or titrimetric analysis of the gas leaving the combustion tube.
As has been pointed out by Ingram ( quoted by Franeis4), although the basic methods used by Pregl-as weil as for that matter by Emieh-were long known to ehemists, these methods were not eonverted to a micro scale until the neeessary demand arose, at whieh time the skills and techniques whieh eould be used for manipulating milligram amounts of sample were developed. Equally signifieant is the faet that, although the Pregl methods have been known for over 50 years, it is only reeently that many signifieant ehanges or improvements have been introdueed into the original proeedures.
The dominant feature in the Pregl approach was the process of miniaturization of the classieal gram and 0·1-gram procedures with, in many eases, imaginative adaptations to take eare of the problems introdueed by the inerease in such experimental faetors as the ratio of the dead space in the apparatus to the sizes of the sample and final measurable species.
The eurrent state of the scienee and art of organic microanalysis is weil summarized for eiemental analysis in the books by Ingram5, Roth6 and Steyermark 7 , and for the area offunetional group determination in the book by AshworthS, Cheronis and Mal, Fritz and Hammond9, SiggialO and Stone 11 , andin the series on organie analysis edited by Mitehell12; the latter includes discussions ofthe applicability ofvarious physical and physiochemical techniques. The area of organie analysis is also being systematically reviewed in a current treatise on analytical chemistry13.
The attitude of some microanalysts towards the methods of organic microanalysis can be exemplified by the following anecdote which, happily, describes an attitude which is now disappearing.
At the St. Louis meeting of the American Chemical Society in 1941 the present speaker gave his initial paper at a scientific meeting. The paper14 dealt with the use of an external absorber for the nitrogen oxides produced in the carbon-hydrogen combustion; the absorber, which consisted of a solution of an oxidizing agent in sulfuric acid and which was placed between the water and carbon dioxide absorption tubes, was intended to replace the Iead dioxide at the end of the combustion tube. On his way into the meeting room, the speaker was stopped by a well-known microchemist of the period, who told the speaker that he would listen to the speaker's paper, although he knew that the method described was no good because, if it had been any good, Pregl would have thought of it.
The conservatism of many organic microanalysts, which can be rationally ascribed to an attitude ofnot rocking the boat when all is well, is also illustrated by the relatively small amount of attention given to the methods of organic eiemental analysis developed by ter Meulen and Heslingal5, In the opinion of many, the latter methods possess certain advantages which have not been sufficiently exploited. On the other hand, some microanalysts have attempted to develop basically new approaches to organic eiemental determination as exemplified by the researches of Korshun and her colleagues, which are now available in a collected English translation16,
The numerous advantages of microchemical methods of organic analysis based on the Pregl approach are well-known and need not be detailed here. Unfortunately, the limitations are less widely discussed. First, and perhaps foremost, the experimental procedures require considerable skill on the part ofthe analyst. This skill can usually only be acquired as the result ofrigorous training and a considerable amount of experience. Secondly, the methods are often rather sensitive to the nature of the equipment and the environment in which the method is used. Finally, the procedures are generally intrinsically slow and cannot be greatly accelerated without considerable difficul ty.
The current attempt to counter the limitations indicated involves the use of automated equipment with relatively drastic combustion methods, and gasometric measurement methods which require minimum equilibration times. The developments in this area are among the most significant now occurring in microchemistry and are receiving ample attention in the present symposium.
Inorganic analysis
Compared to the utilization of the microchemical approach in organic analysis, its application in inorganic analysis has been less publicized but comparatively extensive. The initial development in the hands of Ernich also started with miniaturization of classical gram and 0·1-gram methods. However, there was soon increasing recognition ofthe desirability of developing novel approaches for handling minute amounts of materials, which involved the development of capillary analysis, spot tests, simple colorimetry and other techniques which, while based in some cases on chemical reactivity, involved methods different from those traditionally used.
The problern of trace analysis in inorganic samples can be indicated in terms ofthe situation in geochemical analysis. Since 99 per cent ofthe earth's crust consists of only 10 elements (all of atomic nurober less than 27), most of the elements are obviously trace constituents of rocks and minerals except where sufficiently concentrated in the earth's crust to constitute an "ore".
The current situation in much of inorganic microanalysis is well indicated in Sandell's classical monograph on the colorimetric determination of trace amounts of inorganic constituents17, in Alimarin's recent book on inorganic ultra-microanalysisls, andin Kirk's book on ultra-microanalysisl9; the latter is primarily directed to the biological field, whose importance for microchemistry is steadily increasing as subsequently discussed.
The general field of microchemical methods is weil covered by the comprehensive treatise edited by Hecht and Zacher120. Reference must also be made to the current editions of Feigl's classical books on spot tests21, 22 and to the proceedings of the 1961 microchemical symposium edited by Cheronis 2 3.
Present trends and developments, and possible future trends, are generally weil summarized in the biennial reviews published in Analytical Chemistry, e.g., those on organic microchemistry by Ma and Gutterson24, inorganic microchemistry by West25, biochemical analysis by Hamilton26 and chemical microscopy by Cocks27. Actually, almost every review in these issues of Analytical Chemistry is concerned with microanalysis and micromanipulation.
INTRODUCTION OF PHYSICAL METHODS
A major turning point in the concept of microchemistry as applied to analysis can be conveniently located on page I of Analytical Chemistry Volume 1, Number 1. The paper 2 8 was written by Nitchie, who was then associated with the New Jersey Zinc Company, and was entitled "Quantitative Analysis with the Spectrograph". The abstract of this paper is as follows:
The superiority of spectrographic methods for the estimation of small amounts of impurities and minor constituents in materials is pointed out. The main advantages are ( 1) speed, (2) sensitiveness and (3) certainty in the identification of the constituents being determined. Illustrative examples are given of the kinds of work for which they may be used.
The general principles of quantitative methods are discussed, certain sources of error are noted and means suggested for overcoming them.
Methods which have been developed in the laboratory of The New Jersey Zinc Company are described. These methods are used in carrying out several hundred analyses each month, many of them being routine control analyses.
It is worthwhile spending some little time on this pioneering paper, since it is symbolic of the fact that in the intervening 36 years the practice of analytical chemistry has largely become a branch of microchemistry.
I t is apparent that Nitchie's abstract summarizes weil the comments previously made regarding the important reasons for using the microscale approach in analysis: the three S's of speed, sensitivity and selectivity.
I t is instructive to examine the three opening paragraphs of Nitchie's paper since these furnish comprehensive statements of why micro-methods are used in analysis, of what these methods can do, and of what their advan tages are:
In order to satisfy the requirements of modern industrial operations, a Iabaratory must be in a position to turn out analytical results in the shortest possible time consistent with reasonable accuracy. Too often the result ofa perfectly good analysis is of value only as an explanation of defects and difficulties, rather than as a guide in the production or selection of the material involved. This is particularly true with analyses for those minute amounts of impurities, or of necessary constituents, which often modify to a remarkable extent the chemical or physical properties of materials.
This being the case, it is surprising that so little attention has been paid to the spectrograph as a means for carrying out quantitative analyses. lt has long been recognized as an instrument for qualitative work, but even in this field its usefulness has not met with the general recognition which it deserves, particularly in industriallaboratories. Its remarkable sensitiveness and the certainty and speed with which many of the elements may be detected place it in a dass by itself, far superior, in many respects, to the ordinary methods of qualitative analysis. That it can be and, in fact, is being used for truly quantitative work is not generally appreciated.
Several types of analytical work fall particularly within its scope:
( 1) Quantitative estimations of traces of impurities and minor consituents, when the amounts present are too small for satisfactory chemical determination.
(2) Rapid estimation of elements, present insmall amounts, which could be determined chemically, but only by complicated and slow methods.
(3) Determination of the approximate composition of materials when the amoun ts for analytical samples are too small for chemical analysis.
The first paragraph states a growing philosophy among chemists that analytical chemistry is useful not only as a record of what is and of what has been, but also as a guide to future action and to the interpretation of the behaviour of materials in so rational a fashion that the analytical data can be used to plan better materials. The emphasis on the need for rapid analysis, so weil defined in the second sentence, is weil illustrated by today's rapid methods of metallurgical analysis based on emission spectroscopy. The emphasis on trace analysis is quite contemporary in feeling.
The second paragraph indicates the relative Iack of recognition prior to 1929, on the part of most analytical chemists, of the sensitivity, selectivity and speed of what would today be called "physical and physicochemical methods of analysis". (The author believes that the term "instrumental analysis" is one which it would be better to discard since it is rather meaningless. Unfortunately, "instrumental analysis" is often taken to include the use of all instruments except such very precise measuring instruments as the balance and the burette.)
The third paragraph very properly outlines much of the scope and rationale for microscale methods of analysis with the first item emphasizing trace analysis, the second speed and the third the advantage of beingable to use only minute amounts of samples. The only change that might be marle is the deletion of "approximate" in the first Iine of the third item.
In evaluating emission spectrographic analysis, one should recognize that this technique does have certain deficiencies, e.g., the influence ofthe sample matrix on the response obtained. However, in the past decade, there has been developed the allied technique of atomic absorption spectroscopy, which generally shows greater specificity.
The first paper published in Analytical Chemistry is symbolic of the principal thesis of the present paper, which is that most contemporary analytical techniques are essentially microchemical, in the sense that they involve the use ofmicro size samples for the determination ofsub-microscale amounts of material. This can be readilyseen by examining the situation in polarography, which, even as ordinarily applied, is a microchemical method of analysis.
lf one restricts oneself to conventional dropping mercury electrode polarography, the sample requirement can be defined as follows. Taking a compound of formula weight of about 100 and using 10 ml of a test solution, which is 0·5 X 10-3M in electroactive compound, a situation frequently encountered in normal analytical practice, the total amount of compound required for the determination is 0·5 mg. It is generally possible, without undue difficulty, to carry out the same determination using 1 or 2 ml of test solution, which is 0·1 X 10-a M in the electroactive species, thus requiring only 10-20 p.g of the compound. If the amount of sample available is a really critical factor, it may be possible to carry out the polarographic measurement on a single drop of solution, i.e., 0·03-0·05 ml, which is itself 0·01 X I0-3 M in the electroactive species, for a total sample requirement of 30-50 mp.g (ng) of compound. Furthermore, the total quantity of sample consumed during the polarographic measurement would normally be quite negligible.
In addition, other electroanalytical techniques derived from polarography such as square-wave polarography and stripping analysis, are available and can be applied to solutions less concentrated than those indicated and no greater in volume, thus moving the polarographic method down into the ultra-ultramicro range.
Similar examples can obviously be cited for nearly all contemporary techniques of analysis; many commonly used ultraviolet absorption spectrophotometric procedures need even less sample than is needed in polarography.
The omnipresent nature of microscale techniques in analytical chemistry is supported by an examination of the programme of the last Bastern Analytical Symposiumheld in New York in November, 1964. Most of the individual papers were devoted to microchemical approaches involving (i) the determination oflow concentrations ofmaterials; ( ii) the use ofvery small samples, either by desire or by necessity, and (iii) the development and use of techniques which would Iead to microscale methods. One need only mention a few of the titles to emphasize this point: "Instrumental Activation Analysis with Laboratory Sources", "Monitoring of Gas Chromatography Effiuents", "Air Pollution: Analysis of Particulate Material", "Separations for Trace Analysis", "Thin-and Thick-Layer Chromatography", and "Atomic Absorption Spectroscopy".
The present symposium is itself ample justification of the statement regarding the all-encompassing nature of microchemistry in analytical chemistry. It must be emphasized that this is a relatively recent development. The author recalls quite weil that 25 years ago when he went to a symposium on microchemistry, the discussion was primarily devoted to the consideration of developments originating in the approaches of Pregl and, to a lesser extent, of Emich. The author wishes to pay the greatest bornage to these two men and to the inspiration which their efforts have been to all branches of chemistry. However, he does admit that it is better for chemistry that the seed, which they planted in the utilization of microscale techniques, has flowered so that a great portion of contemporary analytical chemistry is microscale in practice.
FUTURE PROSPECTS
I t is apparent from what has been said that microchemistry will continue to expand as it encompasses more and more of the analytical chemistry field. Expansion in other directions, notably in the educational field, is also obvious. I t has been many years since instruction in qualitative inorganic analysis changed over to semi-micro methods. More recent has been the conversion to semi-micro methods in the laboratory courses in organic synthesis, qualitative organic analysis and physical methods of analysis. This trend towards instructing students via small-scale methods is complicated only by the decrease in the time available for training students in manipulative techniques.
The widespread interest in many specialized phases of microchemistry is exemplified by that in vacuum microbalance techniques. The fifth socalled "Informal Conference" on this subject will meet in September, 1965; the topics upon which papers were invited for this meeting include theory, new types of balances, difficulties, associated equipment, other microweighing methods and applications. The proceedings of the fourth conference have been published29. At the other extreme, microscale reactors have been described30, which permit the study of reactions between milligram quantities ofreactants at pressures up to 1000 p.s.i.
The rapid development of industrial technology and of fundamental scientific investigation, plus the increasing complexity of chemical manufacture and its ever-widening scope, are constantly making new and more difficult demands on the analytical chemist. Thus, the production of more and more stable fluorocarbons has been accompanied by the need for more and more accura te determination of high percentages of fluorine.
In meeting these demands, the analytical ehernist has profited from the increased knowledge about a host of nuclear, atomic and molecular properdes, as well as from new means of measuring such properties from an analytically useful viewpoint. In addition, recent years have seen a renaissance in classical methodological approaches whose fundamental principles have long been known.
One dominant force in the current popularization of microchemistry arises from the problems introduced by new materials. Thuc;, the trend in electronic devices toward miniaturization has emphasized such important classes of products as magnetic films, semiconductors and photoconductors. The importance of trace element determinations in such materials is wellknown. There has also been increasing interest in analysing in situ surface layers of substances. The latter demand is being met, at least to a considerable extent, by the development oftechniques such as electron probe microanalysis31, which permits both qualitative and quantitative analytical information tobe obtained over selected extremely minute areas of controlled depth, e.g., from a volume assmallas one cubic micron.
Another major influence on the development of all aspects ofmicrochemistry, as already indicated, has been the growing demands in the ever increasing field of trace analysis.
It is as difficult to define trace analysis as it is to define microchemistry. The percentage composition ranges, which are considered to fall in the area of trace analysis, vary with the substance concerned and with the purpose for which it is to be used. However, in general, trace analysis involves concentrations in the range of from one part in 104 to one part in 108 or even lower. Trace analysis usually demands a fairly sophisticated approach, as exemplified by procedures used in the major problern area of pesticide residue analysis. A general procedure32 for identifying and determining residues of organophosphorus pesticides on vegetables uses column chromatography to isolate the unknown residues, followed by gas chromatography of the separated extracts, with the gas chromatographic effiuent fractions being examined by infrared absorption spectrophotometry, for identification and quantitative measurement.
A provocative microscale application of isotopic indicators is described by Gorsuch33 in a report on the use of radiochemical methods to investigate the recovery and determination by various techniques of some 14 important metallic constituents present at the trace Ievel in organic and biological matrices.
The prospects in microchemistry, and more specifically in microanalysis, will be considered in terms of the requirements of selectivity, sensitivity and speed; the fields of inorganic and organic analysis will also be considered separately.
Selectivity
The increasing use of methods of separation and measurement based on the spectrum approach is largely the result ofthe growing need for selectivity.
The spectrum approach involves the general technique of subjecting the sample to a probe which invloves a steadily altering energy, time, space or equivalent gradient to obtain a record of the relative intensity of the sample response versus the applied gradient; from such a record, the sample composition, bothqualitative and quantitative, can, under favourable conditions, be deduced. Examples ofsuch techniques are numerous, e.g., absorption spectrophotometry, polarography, mass spectrometry and gas chromatography.
Sensitivity
The major Iimitation in the sensitivity of most techniques is the signal to noise ratio. This handicap cannot always be overcome by increasing the sample size since the latter procedure may actually decrease selectivity due to decreased resolution of component responses and, in addition, may appreciably increase the time needed. Such difficulty is often encountered in gas chromatography when the sample size is increased in the hope of obtaining greater sensitivity. The increased sample size usually requires a Ionger column in order to obtain satisfactory resolution of component peaks; this results in the retention time becoming excessively long and may even decrease resolution due to the effect of diffusion phenomena in a long column.
A provocative approach to the problern of increasing the signal to noise ratio is seen in the nuclear magnetic resonance technique, in which a spectrum may be automatically scanned a thousand or more times and the results averaged by a computor. The basic premise is that, since noise should be random in nature, the average of a sufficiently great number of scans should have a noise Ievel of zero.
An interesting point is that in many methods of measurement, which depend upon physical and physiochemical techniques and which are dynarnie in nature, the precision of measurement rarely exceeds one part in a hundred unless special efforts are made. On the other hand, methods of measurement which depend upon exhaustive reaction of the desired constituent, e.g., titrimetry and coulometry, will often yield results accurate to one part in several hundred for the same amount of effort.
Meinke34 has compared the relative sensitivities of various techniques for many elements. While the cited sensitivities have changed considerably since Meinke first prepared his charts, due to the development of the techniques and to the introduction of newer ones, the general patterns are still useful.
Speed
An increase in the speed with which an analysis can be made, may mean one of two things: a decrease in the actual man-time required or a decrease in the total elapsed time. The latter is of primary importance when the analytical information is to be used to control a dynamic process or where the holding of a batch of material until its composition is known represents a problern in either economic or physical terms. Frequently, however,the decrease in total man-time is the important factor. Thus, in the determination of carbon and hydrogen in organic compounds, there would normally be no great concern if the total time required were doubled, provided that the actual man-time needed per determination were significantly decreased.
The quest for speed often resolves itself into the problern of adjusting to a complex of factors, some of the more important of which are the urgency with which the analytical information is needed, the cost of equipment for handling a given sample Ioad, the relative man-power cost, and the laboratory space available.
A significant development in the approach towards greater speed in analysis is the revival of an old practice. A century ago, there was considerable interest in the simultaneous determination of several elements on a single sample, e.g., Mitscherlich35 in 1867 proposed the determination of carbon, hydrogen and oxygen in organic compounds by destructive chlorination to form carbon dioxide, carbon monoxide and hydrogen chloride, which were measured. Methods were proposed for the simultaneous determination of up to half a dozen elements on a single organic sample. This practice has been generally abandoned, largely in the interest of improved precision and accuracy, except for the simultaneaus determination of carbon and hydrogen.
Today, thanks largely to the development of techniques such as gas chromatography, which are capable of rapid analysis of mixtures, there is a return to the simult;:meous determination of several elements on a single sample, generally with a saving in man-time as well as in total time and in sample consumption. The obvious example is the increasing number of commercially available carbon-hydrogen-nitrogen analysers. These CHN analysers arealso an excellent example ofthe general approach to automation via instrumentation, which is becoming as important in small-scale analysis as in the whole of analytical chemistry.
Reference has already been made to the comprehensive studies of Korshun16 which are largely concerned with the simultaneous determination of several elements in organic compounds.
Emission spectroscopy has long permitted the simultaneous determination of several elements on a single inorganic sample. At the Ievel of functional group and compound measurement, techniques such as absorption spectrophotometry and mass spectrometry frequently allow simultaneous multicomponent analysis.
Inorganic analysis
The major trend in inorganic analysis in recent years has probably been the development of means for determining the various elementsundersuch conditions that the analytical response is more and more independent of the state of chemical combination of the element. The total specificity possible in such approaches is often combined with the high sensitivity needed in contemporary trace analysis. These objectives are increasingly well met by the utilization of emission spectroscopy, atomic absorption spectroscopy and various X-ray methods of eiemental analysis, including X-ray ftuorescence, microfluorescence, microradiography and electronprobe analysis.
The high sensitivity of activation analysis combined with the possibly high specificity resulting from the use of radiochemical separation and spectrum methods ofmeasuring radioactivity, make this approachjustifiably more and more important. At the present time, the time required for irradiation, as weil as the availability of a suitable irradiation source, are limiting factors. However, the proliferation of nuclear reactors and the increase in power of such reactors indicate improvement.
There is today a constant drive in all analytical techniques to decrease the amount of material needed for an analytically useful measurement signal. The approaches have been many and they have generally involved either the attempt to correct for the background noise as in the case of nuclear magnetic resonance, already described, or a pre-concentration process as in electroanalytical stripping analysis. The latter technique has been applied to solutions ofmetallic ions as dilute as 10-9 and 10-10 M; however, the selectivity and the applicability at these concentration Ievels in actual analytical problems are still insufficiently explored.
Organic analysis
Organic analysis has been, as previously stated, the traditional centre of much of microchemistry. However, it has lagged in development to a considerable degree except in respect to the miniaturization of methods, which has often been brilliantly clone. The new approaches, which are needed, are beginning to appear, e.g., the automation of eiemental analysis. Organic microanalysts, ifthey are to contribute to the fieldas effectively as theyshould, must take a more active role in the development of new, imaginative, scientifically-based approaches.
There is an urgent need for organic eiemental analysis, at therequired Ievels of precision, based on techniques of the type which are now so extensive! y applied for eiemental measurement in inorganic chemistry, e.g., atomic absorption, X-ray fluorescence and activation analysis. There are problems in applying such techniques, which involve nuclear and inner electron Ievel properties, to the light elements of importance in most organic compounds. These problems however, must be, and are beginning tobe, met.
The measurement of organic functional groups has been steadily improving. The classical methods based on chemical reactivity are being supplemented in many cases by spectrophotometry, generally in the ultraviolet region and frequently after chemical reaction to convert the group to a selective absorber, e.g., the determination of primary, secondary and tertiary amines in the presence of one another.
Determination of compounds as compounds
The determination of compounds as compounds is an analytical problern of steadily increasing importance, which is obviously allied to the problems of structure determination and of determining the individual components in a mixture. Two approaches are currently being used. One involves a probe which is uniquely responsive to a property of the compound as a unit, e.g., the response of a crystalline compound in X-ray diffraction. The other utilizes a probe which results in a spectrum record, one or moreindividual data of which can be used to define and to measure the compound, e.g., infrared absorption spectrophotometry.
The increasing importance of compound determination is indicated by the willingness to purchase equipment for spectrum techniques such as mass spectroscopy, at what are astronomically large sums wheri compared to what has been spent in the past for apparatus for the Zeisel and RothKuhn procedures.
In terestingly enough, although mass spectroscopy has been used for organic analysis since the early 1940's, it was not accepted as part of organic microchemistry to the resulting loss-in the opinion of the present author-of organic microchemistry. This attitude is hopefully changing, as indicated by the appearance of papers on the use of nuclear magnetic resonance for organic quantitative analysis. The limiting factor today in the case of n.m.r. is often the size ofsample neede.d for the present experimental arrangements. However, the sample size necessary is rapidly being reduced.
SAMPLE SIZE
Although sample size is commonly not critical even in trace analysis, where the problern frequently involves having to process a very large sample, it can in some situations become critical. After all, contemporary organic microchemistry started because Pregl decided to develop methods suitable for the small samples which were all that were available to him. In some modern microchemical problems, the available sample sizes are much smaller than the milligram amounts available to Pregl.
However, even when the sample size per se is not a limiting factor, the factors of selectivity, sensitivity and speed, as weil as the amount of material which may be advantageously handled by the technique, may demand minute samples. Thus, in the analysis of high boiling mixtures by gas chromatography, the permissable sample size may only be 10-20 p.g. This scale of sample operation is one which is today being actively investigated even for the classical organic microanalytical approaches. In the past decade, Belcher, Kirk, Kirsten, Kuck, Williams and colleagues have been able to develop methods for analysing decimilligram and centimilligram samples with the same accuracy as in normal milligram scale microanalysis by imaginative adaptations of the standard organic eiemental and functional group techniques based on chemical reactivity, e.g., ± 0·3 absolute per cent for the eiemental determinations. This general approach has been critically reviewed by Williams36.
At the microchemical symposium sponsored by the Society for Analytical Chemistry in London in 1963, Martin 3 presented some ideas on the problern of sample size, the implications of which are of considerable importance in small-scale analysis. He pointed out that phenomena such as diffusion and the initiation of crystallization were limiting processes in regard to sample size. Ideally, the most complete and expedient way of performing a total analysis on a pure compound would probably be by X-ray diffraction on a single crystal. This goal is being approached at the present time, although the samp!e requirement is appreciably greater.
Martin also emphasized the need for truly microscale equipment with specific reference to such devices as a one-microgram Ioad balance for measuring the effiuents from gas chromatographic and other types of separation, and micro-manipulators which would really allow work on a small scale. There would be a considerable advantage in having hydraulically operated micro-manipulators, which could follow the motions of the human hand with minimum time-lag; the mechanisrns of such devices should allow both feedback and feel for the operator. Martin also pointed out that it might be necessary to develop microscale devices, which could be used, in turn, in the development and construction of devices for operating on an even more micro scale.
At the present time, the Iimitation in normal balance use is set by balances such as the Oertling deci-micro balance, which will handle a capacity of 250 mg with an accuracy (standard deviation) of 8 X 10-Sg. The problern of sample size measurement can occasionally be minimized by the use of internal reference standards.
The ramifications of sub-microgram and trace Ievel microchemistry and microanalysis, including the problems encountered, are indicated by the wide-reaching contents of the volumes on these subjects edited by Cheronis37 and by Yoe and Koch38.
MICROCHEMISTRY IN BIOLOGICAL CHEMISTRY
While it would be ofvalue to consider the trends in specific areas ofscience and technology, where microscale methods are now being used extensively with the high probability that such use will increase greatly, time, space and importance dictate limiting the discussion to the area ofbiological chemistry, which involves biochemistry, pharmaceutical chemistry and medicinal chemistry as weil as various other chemical fields, such as organic and analytical.
As has already been mentioned, the impetus for the application of microchemistry to analysis arose to a considerable extent from the demands involved in solving problems in natural product research, which arose from the interest of organic chemists in biological and medical problems. Today, the extension of microchemical techniques to smaller and smaller amounts and samples is still greatly due to the demands of biologists, physicians and biochemists for obtaining compositional and related information on the fundamental units of living matter and on the processes which go on in them. Glick39 and others have stressed that the limiting factors in many contemporary problems in biological and medical research are not the basic ideas or concepts involved, but rather what it is feasible to do in the laboratory. Frequently, the ideas and concepts are far in advance of what can be experimentally achieved; the Iimits are set by the current state of instrumentation, micromanipulative techniques and analytical methodology.
The physician relies increasingly on chemical analysis for diagnosis and the determination of drug efficiency; this emphasizes the need for speed, selectivity and specificity in clinical analysis. The demands for analytical information both in medical and biochemical research andin patient care are exceedingly great. An area which offers analytical problems of the most challenging nature is the study of drug metabolism, which in an operational sense depends on the identification and determination of the products, including intermediates, into which the animal organism transforms the chemical compounds which are administered to it.
The magnitude of the problern in clinical analysis has been weil defined by van Kampen40, who has pointed out that the number of clinical analyses made is currently doubling every five years; he suggests that this is due to a large extent to new techniques and applications being discovered. It is obvious that the only solution to this problem, whereby the analyst can keep abreast with the demands of the physician, is automation.
At the present time, two general types of apparatus systems for automated chemical analysis are being used to obtain analytical information for the diagnostic, therapeutic and prognostic evaluation of disease. One type is exemplified by the Technicon Autoanalyser system, which is a continuously flowing modular arrangement combining a variety of unit experimental operations such as controlled reagent addition, filtration and colorimetry, and will produce up to 60 determinations of a given type per hour on that nurober of samples. Another system of automation is the Research Specialties Company Robot Chemist, which is also a programmed modular analytical system, but mechanically simulates manual operations in discrete stages. Recently, the Veterans Administration established a laboratory to evaluate the capabilities of these systems and of other automated analytical systems as they are developed, as well as to study the more efficient use of such equipment.
Reference can be made to one specific example of analytical automation, which is some distance removed from the chemical reactivity methods to which microanalysis has long been accustomed. Shaw and Duncombe 4 1 have described the continuous automatic microbiological assay of antibiotics utilizing the Autoanalyser. The assay is based on the measurement of carbon dioxide resulting from free respiration by the test organism during a fixed incubation period and on the depression of the respiration by the addition of graduated concentrations of the antibiotic. The results of the automated method show no bias when compared with a conventional agar diffusion method and are of greater precision.
It has been apparent throughout the history of microchemistry that the nature of biological materials is such that microanalysis may be the only method which obtains valid information because ofthe extreme heterogeneity of such materials.
However, methods of chemical analysis for biological materials do present certain problems due to the instability of these materials as a result of processes which may occur between the time the sample is taken and that at which it can be examined. Other problems met in the development of analytical techniques and procedures for biological analysis include the complex molecular structure of many biological constituents, the occurrence of families of compounds which are closely related chemically but which show rather pronounced differences in physiological action, and the presence of many important compounds only in trace amounts. Obviously, some of these problems, such as the last one, are also common to many aspects of inorganic analysis.
The imaginative development of highly useful small-scale and even submicrogram-scale separation and measurement techniques for meeting the demands ofbiological material analysis is weil exemplified in the development of paper and thin-layer chromatography.
A currently developing and provocative situation is the use by some organic chemists of microbiological methods for analysing reaction mixtures. These methods are highly specific and sensitive, although their precision often leaves much to be desired. I t is not difficult to prophesy that a field of analytical research, which would offer great reward and scientific satisfaction, would be that aimed at increasing the precision of microbiological methods. The slowly developing interest of academic analytical chemists in studying such methods is a gratifying development.
CONCLUSION
I would like to close by considering several important factors in the development of microchemistry and microanalysis.
Although the present discussion has been largely concerned with the obtaining of compositional information, it must be stressed that many physical properties are now being measured on a microscale not only for the determination ofmolecular weights, but also for obtaining more sophisticated configurational information about molecules. These include such techniques as osmometry, light scattering, ultracentrifugation, ebullioscopy, cryoscopy, enthalpy and other thermometric measurements and solution viscosity.
There is an increasing need for a more critical use of old approaches combined, when advantageous, with newer ones, as exemplified by Vandenheuvel's solution42 to the old analytical problern of determining small amounts of the lower aliphatic acids. The acids are efficiently isolated by a microscale steam distillation, in which 99 per cent of them are recovered; the distillate, after suitable treatment, is injected into a gas chromatograph, by which the acids can be measured to a relative accuracy of ± 1 per cent.
The author can recommend as a dassie study of the microscale approach Paneth 's account43 of a decade ago of the microanalysis of the inert gases and of the important applications of such analysis. Mention in this connection should be made of a currently available residual gas analyser, which is essentially a mass spectrometer covering the mass ranges of 2 to 4 and 12 to 150, and which can detect gases with partial pressures as low as 5 X 10-11 mm Hg in a sample whose total pressure is 10-4 mm Hg or less.
The prefix, "micro", in the term, "microchemistry", has steadily meant smaller and smaller quantities as a result of the demand for information on more and more minute amounts of samples and of constituents. However, what about the status and the future ofthe "chemistry" in "microchemistry"?
Will the chemistry disappear, as, for example, some methods for determining organic functional groups based on the measurement of chemical reactivity seem to be slowly going out of use? I t seen1s to the present author that chemistry will not disappear from microanalysis; rather, if anything, its importance may weil increase.
In the future, chemistry will, as in the past, fulfil its main function in analysis, which is that of preparing the sample for separation and measurement, e.g., the preparation of derivatives for gas chromatography and the control of the solution environment in n.m.r. Today, we have become so excited by our ability to measure elegantly and rapidly-though often not sufficiently precisely-with our elaborate electronic instrumentation that we tend to neglect the added opportunities in analysis afforded by the use of chemistry.
In many analytical situations, measurement can be greatly improved by the use of a small amount of chemistry, particularly in establishing specificity and selectivity as in radiochemical separationsandin increasing sensitivity as in a variety of pre-concentration and transformation techniques.
The importance of control of the solutionmedium by suitable chemistry in aiding both selectivity and sensitivity as practised in such diversified techniques as nuclear magnetic resonance, ultraviolct absorption spectrophotometry and polarography is too well-known to need more than mention.
In the future, as in the past, it will generally be necessary to use exhaustive chemical reactivity methods, e.g., gravimetric precipitation, titrimetry and coulometry, to establish reference standards. Such approaches, which involve measurement of a constituent by in effect causing all of its molecules to pass through a ban:ier, allow in principle and often in practice a precision of measurement which exceeds by one or more orders ofmagnitude that possible by measuring a physical property of a system involving the constituent.
Finally, if the future development of microchemistry is to be as fruitful as we hope, it is essential that the so-called classical microchemists take a more adventurous attitude and not only strive to improve the technique of present methods but also to conceive of new approaches to pressing problems and to consider the scientific fundamentals which can ·serve as a basis for better microchemical methods. As Francis4 has perceptively pointed out, most of the papers involved in the almost exponential growth of the microchemical literature since "\1\forld War II, have been "directed toward simplification of procedures, speedier operation, and modification of equipment. There have not been very many papers concerned with a deeper understanding of the 'first principles' involved".
An encouraging aspect is the initiation in 1964 by the Commission on Microchemical Techniques of the Division of Analytical Chemistry of the International Union of Pure and Applied Chemistry of a cooperative investigation into the errors in eiemental organic microanalysis. The tentative plan of attack recognizes the care and attention to detail with which the work must be undertaken. I hope and expect that the Commission will consider not only the improvement of the present methods but also the need for the introduction of new approaches which will yield the desired relatively error-free measurements.
